Introduction
Zinc is an essential trace element that plays an important role in the human organism, since it is involved in several biochemical processes. In non-contaminated water it is found at low levels, typically µg L -1 concentrations. Due to this characteristic, the contamination of natural water by anthropogenic action can be, several times, assessed only by evaluating zinc concentrations in such water since it can be present as part of various chemical or physical industrial processes such as mining and smelting operations. This way, new analytical methodologies that are able to determine zinc at µg L -1 levels can be considered fundamental tools to identify the contamination levels of natural water bodies with different features. [1] [2] [3] The application of new strategies for the preconcentration of trace elements, aiming their determination in several kinds of samples, can be considered one of the most important fields of research in analytical chemistry. Particularly, the coupling between flow injection analysis (FIA) and solid-phase extraction (SPE) has assumed to have increased in importance during the last few years. In this context, FIA systems using different no modified solid sorbents, such as silica-C18, 4 polyurethane foams, [5] [6] [7] [8] activated carbon, 9 alumina 10, 11 or even fullerene, 12 are described in the literature. In fact, these sorbents have been employed in different forms besides unloaded or not modified: (i) loaded with specific reagents or (ii) functionalized with specific ligands. Several advantages over the usual batch procedures, such as the lowest reagent consumption, easy operation and the highest sampling frequency could explain the growing interest in the utilization of FIA-SPE systems. Moreover, how sample handling is minimized, errors due to sample losses or contamination are strongly reduced.
Special attention can be given to procedures in which modified solid-phases are employed. In general, the presence of a specific ligand in/on a modified sorbent enhances the performance of the system, because the highest selectivity and sensitivity are reached. Thus, it is important to separate this class of sorbents into two distinct groups, as cited above: (i) solid-phases only loaded with a reagent (adsorbed) and (ii) solid-phases functionalized with it. According to Kumar et al., 13 resins with reagents incorporated to the structure of the material present the highest lifetime because the ligand molecule is not easily leached from the column during the preconcentration and elution steps. On the other hand, these resins seem to have only moderate capacity value, which can be overcome by an extensive functionalization of an appropriately cross-linked polymer.
Although there are several studies describing the synthesis of In this work, flame atomic absorption spectrometry (FAAS) was used as a detector for the determination of zinc in natural water samples with a flow-injection system coupled to solid-phase extraction (SPE). In order to promote the on-line preconcentration of zinc from samples a minicolumn packed with 35 mg of a styrene-divinylbenzene resin functionalized with (S)-2-[hydroxy-bis(4-vinylphenyl)methyl]pyrrolidine-1-carboxylic acid ethyl esther was utilized. The system operation was based on Zn(II) ion retention at pH 9.5 ± 0.5 in such a minicolumn with analyte elution, at the back flush mode, with 1 mol L -1 HCl directly to the FAAS nebulizer. The influence of the chemical (sample pH, buffer concentration, HCl eluent concentration and effect of the ionic strength) and flow (sample and eluent flow rates and preconcentration time) parameters that could affect the performance of the system were investigated as well as the possible interferents. At the optimum conditions, for 2 min of preconcentration time (9.9 ml of sample volume), the developed methodology presented a detection limit of 1.1 µg L -1 , a RSD of 3.5% at 10 µg L -1 and an analytical throughput of 24 h -1 . Whereas, for 4 min of the preconcentration time (19.8 ml of sample volume) a detection limit of 0.98 µg L -1 , a RSD of 6.5% at 5 µg L -1 and a sampling frequency of 13 h -1 are reported. different functionalized resins, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] only few papers consider the use of this kind of resin in flow-injection systems. In this scenario, the group of Lemos et al. developed two systems for copper 24 and cobalt 25 determination by FAAS after online preconcentration of the analytes in minicolumns containing commercial Amberlite XAD-2 resin functionalized with 3,4-dihydroxybenzoic acid and R-nitroso salt, respectively. In both cases, great enhancement factors were observed, allowing the determination of Cu and Co at very low levels.
Two works were published describing online procedures for Cd and Mn preconcentration with silica gel functionalized with 1,5-bis(di-2-pyridyl)methylene thiocarbohydrazine. 26, 27 In the cadmium determination in saline water samples, graphite furnace atomic absorption spectrometry was used as analytical technique, while manganese was determined by ICP OES. In turn, Naghmush et al. 28, 29 utilized cellulose functionalized with phosphonic acid and quaternary amines for the online speciation of chromium 28 and lead preconcentration. 29 In both cases, FAAS was used as a detection technique.
Hirata et al. 30 modified Amberlite XAD-4 resin with Nhydroxyethylethylenediamine for the determination of total iron in seawater by chemiluminescence with brilliant sulfoflavine and hydrogen peroxide as reagents.
A very high preconcentration factor was observed by the authors, allowing the determination of Fe at the nmol L -1 level.
This work relates to the development of an on-line preconcentration system for the determination of Zn(II) in water samples using a minicolumn packed with a polystyrenedivinylbenzene resin functionalized with (S)-2-[hydroxy-bis(4-vinylphenyl)methyl]pyrrolidine-1-carboxylic acid ethyl esther. The chelating resin was synthesized and characterized in our own laboratory, and a FIA system containing a minicolumn packed with the resin was mounted and optimized for Zn(II) determination. Several chemical and flow variables of the analytical system were studied, and the developed method has been applied to the trace determination of zinc in real natural water samples.
Experimental

Apparatus
Flame atomic-absorption measurements were carried out with a Perkin Elmer Analyst 100 spectrometer (Norwalk, CT, USA) equipped with a zinc hollow-cathode lamp also furnished by Perkin Elmer. The instrument was operated at the optimum conditions suggested by the manufacturer. The wavelength was set at 213.9 nm, the lamp current was adjusted to 10 mA and an air-acetylene flame was employed (air 13 L min -1 and acetylene 2.5 L min -1 ). Transient signals were registered with a x-y graphic recorder supplied by Equipamentos Cientificos do Brasil (Curitiba, Brazil) and the pH measurements and adjustments were carried out with the aid of an Analyser 300 (São Paulo, Brazil) pH meter. A Micronal B332 (São Paulo, Brazil) peristaltic pump provided with flexible PVC tubes was used to propel the solutions. A Rheodyne 5041 (Cotati, CA, USA) six-port rotary valve was used to select the preconcentration or elution steps. The system manifold was built of PTFE tubes with 0.8 mm i.d. and connections made of PEEK.
Reagents and solutions
All solutions used were prepared with water purified in a Milli-Q Water System from Millipore (Milford, MA, USA). Analytical-grade reagents were used without further purification. Standard solutions of Zn(II) were daily prepared by adequate dilution of a 1000 mg L -1 stock solution, which was furnished by Carlo Erba (Rodano, Italy).
The eluent solution, 1 mol L -1 HCl, was prepared by mixing 84 mL of concentrated acid supplied by Merck (Darmstadt, Germany) with the volume of water sufficient to complete 1000 mL.
A borate buffer solution with 0.5 mol L -1 concentration and pH 9.5 ± 0.2 was prepared by dissolving 15.45 g of boric acid in about 400 mL of water. Afterwards, KOH was added until the solution achieved the desired pH. Then, the volume was filled up to 500 mL and the pH was measured again.
Resin synthesis and minicolumn preparation
Resin synthesis. The preparation of the resin utilized in this work followed three steps: (i) preparation of the intermediate (pyrrolidine-1,(S)-2-dicarboxylic acid-1-ethylesther-2-methylesther), (ii) synthesis of the monomer (S)-2-[hydroxy-bis(4-vinylphenyl)methyl]pyrrolidine-1-carboxylic acid ethyl esther and (iii) polymerization of the monomer, supported on polystyrene and divinylbenzene to obtain the functionalized resin. All reaction products were identified and characterized by infrared spectroscopy (IRS), 1 H-NMR, 13 C-RMN and/or mass spectrometry (MS). Preparation of the intermediate. Firstly, (L)-proline and ethyl chloroformate reaction was induced in order to obtain a carbamate-esther compound (pyrrolidine-1,(S)-2-dicarboxylic acid-1-ethylesther-2-methylesther) that contained the chelating group to be supported on the resin. This reaction is represented by the equation shown in the Fig. 1a .
Such reaction was carried out in a dry flask maintained under an argon atmosphere by mixing 1.15 g of (L)-proline, 1.32 g of potassium carbonate and 20 mL of methanol. To this mixture, 2.5 g of ethyl chloroformate was slowly added and after this, the system was refrigerated until 0˚C. The obtained solution was maintained under agitation during 2 h, and then deionized water and saturated solution of NaHCO3 were added until the 940 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 formation of an intermediate carbamate-esther (substance C). It was extracted with three portions of 15 mL of ethyl acetate, which were dried with anhydrous Na2SO4. The obtained yellow liquid was distilled at low pressure, giving 1.90 g of an uncolored liquid of C with a boiling point of 93˚C that corresponded to a reaction yield of 95%. Identification of the reaction product was performed by infrared spectroscopy, 1 H-NMR, 13 In order to prepare the Grignard reagent, 2.40 g of powdered Mg and 1.27 g of I2 were mixed in a suitable flask connected to a condenser. The flask was maintained under argon flux and heated in an oil bath during 2 h. After this elapsed time, the flask was left in ambient air until 25˚C was achieved. Then, 1 mL of THF was added and the system was refluxed for 1 h. After this, 7.9 g of p-bromostyrene dissolved in 4.2 mL of THF was slowly added, and the reflux was maintained for one more hour until the formation of a black precipitate. The formed suspension was shaken until returning to 25˚C temperature, and then 2.0 g of C dissolved in 14.3 mL of THF was added. Again, the obtained mixture was agitated for 1 h before the addition of 10 mL of purified water. The monomer formed was extracted with three portions of 20 mL of ethyl ether, and the organic phase obtained was washed with a saturated solution of NaHSO3 and dried with anhydrous MgSO4. The volume of the solvent was reduced at low pressure, and the obtained oil was purified in a column loaded with silica gel containing 1% w/v of triethylamine, employing a solution of hexane/ethyl ether as the eluent. Working under these conditions, 2.85 g of E was obtained in a form of a pale-yellow oil (yield of 76%). The Synthesis of the functionalized resin was performed via free-radical initiation with azo-bis-isobutyronitrile (AIBN). Polymerization was carried out in a heterogeneous medium during 30 h at 85˚C and constant agitation. The reaction can be represented by the equation shown in Fig. 1c .
The resin was prepared through mixing 0.33 g of polyvinyl alcohol dissolved in 66 mL of water + 3.43 g of divinylbenzene + 4.12 g of styrene + 0.56 g of monomer previously prepared + 108 mg of AIBN dissolved in 10 mL of toluene. The mixture was heated to 85˚C in an oil bath under agitation of 400 rpm for 30 h. After this elapsed time, the resin (white solid with spherical shape) was separated from the solution by filtration and washed with 100 mL of methanol. A yield of 89% was observed, being formed 6.71 g of porous functionalized resin that was identified by infrared spectroscopy. Characteristic bands at 3438, 3024, 1671, 1601 and 1451 cm -1 were verified, and special attention was given to the band situated at 1671 cm -1 , which is a characteristic of the presence of the C=O group from carbamates.
Minicolumn preparation.
The minicolumn used in the experimental work was prepared by packing 35 mg of the synthesized resin in a polyethylene tube with 3.0 cm length × 3 mm i.d. Before its use for analytical purposes, the resin was washed with 10 mL of 2 mol L -1 HCl pumped at 2 mL min -1 . Excess acid was removed by passing water through a minicolumn until the effluent became nearly neutral.
Flow injection system operation
A schematic diagram of the developed flow system is depicted in Fig. 2 . In this system a sample solution pumped at 4.95 mL min -1 merges with a 0.45 mL min -1 stream of 0.5 mol L -1 borate buffer solution (9.5 ± 0.5). The mixture generated percolates through the minicolumn containing the functionalized resin where the Zn(II) ions are retained. The remaining solution goes directly to waste. After a suitable preconcentration time (typically 2 min), the valve is manually switched, allowing that eluent solution (1 mol L -1 HCl) flow at 4.95 mL min -1 through the mini-column, desorbing the analyte from the solid phase due to a large decrease in the pH, what reduced resin complexing capacity. Zn(II) ions then go to the spectrometer, where absorbance signals are monitored at 213.9 nm. The peak heights were used for all calculations. After the elution step, which took about 30 s, the minicolumn was ready for a new preconcentration cycle. Working on these conditions, the minicolumn could be used for around 300 cycles without any loss of sensitivity in the zinc measurement.
Water samples collecting and storage
Water samples were taken and stored in polyethylene bottles, and concentrated nitric acid (ultra pure grade) was added up to a concentration of 2% v/v. Nitric acid was added to avoid Zn(II) adsorption onto the flask walls. After this, the samples were preserved on ice and taken to the laboratory, where they were filtered, if necessary, with a polycarbonate filtration device. 
Results and Discussion
The system was optimized using univariate methodology in order to establish the best conditions for its operation in terms of the sampling frequency, sensitivity and selectivity. For this purpose, the influence of the chemical and flow variables was investigated, as well as the effect of the presence of possible interferent cations, including the ionic strength (matrix interference).
Study of the influence of chemical variables
The pH of the sample (obtained after mixture with a buffer solution, see Fig. 2 ) was the first variable to be studied, since the complexing capacity of the chelating group supported in the resin depends on the pH due to the presence of proton acceptors, such as nitrogen and oxygen. Thus, the influence of the sample pH on the analytical signal was examined by testing buffer solutions with different pH in the range of 6.0 -12.0, using phosphate buffer system for the pH in the range of 6.0 -8.0 and borate buffer system for the range of 8.8 -12.0. As can be seen in Fig. 3 , highest absorbance signals were observed from pH 8.8 to 10.0. When the pH was increased to values over 10.5, a soft and progressive decrease in the absorbance signals was observed due to possible alkaline hydrolysis of the carbamateesther group immobilized on the resin, which diminished its retention capacity. On the other hand, when the pH was adjusted to values lower than 8.8, and especially in a neutral or slightly acidic range, the chelating capacity of the solid phase decreased due to the protonation of oxygen and nitrogen atoms present in the resin structure. Therefore, in order to regulate the pH of the samples, a line containing a borate buffer solution with pH 9.5 ± 0.5 was used in the manifold, merging with the sample (or standard) solutions before percolate minicolumn. Buffer solutions with total borate concentrations between 0.010 mol L -1 and 1.5 mol L -1 were tested, and the best results were verified for a buffer solution with a 0.5 mol L -1 total borate concentration. For this reason, this solution was employed in all further experiments.
A hydrochloric acid solution was chosen to displace zinc from the solid phase because it provides a strong decrease of the pH inside the minicolumn, reducing the complexing capacity of the chelating group anchored in the resin, which release Zn(II) ions to the solution. Thus, the concentration of the HCl eluent was studied from 0 (purified water) to 4 mol L -1 . The absorbance signals were highest at an acid concentration of 0.5 mol L -1 and, after this value, a slight decrease in the absorbance was observed up to a HCl concentration of 4 mol L -1 . This behavior is shown in Fig. 4 . In order to ensure total elution of Zn(II) ions from the minicolumn, even for higher concentrations of the analyte, an eluent solution of 1 mol L -1 HCl was selected for the method.
Study of the influence of the flow variables
In time-based FIA-SPE systems, together with the preconcentration time, the sample flow rate is the variable that regulates the amount of material that passes through the minicolumn. Therefore, the influence of the sample flow rate must be carefully investigated in order to set the optimum value that allows the maximum mass transfer from the liquid to solid phase without loss of the sampling frequency. In this work, the effect of the sample flow rate was studied from 2.98 to 7.38 mL min -1 . As can be seen in Fig. 5 , a continuous increase in the signal was verified up to 4.95 mL min -1 . After this point, the signal suffers a slight decrease, indicating that the mass-transfer process (liquid to solid phases) is affected by the high stream flow rate. Thus, a sample flow rate of 4.95 mL min -1 was selected for the system. The effect of the eluent solution flow rate was also studied in order to achieve an analytical throughput as high as possible. Experiments were performed employing a 1 mol L -1 HCl eluent solution (previously optimized) at flow rates between 2.50 and 4.95 mL min -1 . The best results were verified at 4.95 mL min -1 , and this value was selected for the method. Flow rates higher than 4.95 ml min L -1 were not tested due to limitations on the aspiration rate of the spectrometer nebulizer.
The preconcentration time has a remarkable influence on the sensitivity of time-based FIA-SPE systems, because higher amounts of the analyte can be retained when this time is increased. On the other hand, preconcentration time cannot be increased indefinitely, since washing of the minicolumn by own sample (or standard) solution is often verified, diminishing the concentration efficiency. Thus, a study about the influence of the preconcentration time on the analytical signal yielded by 50 µg L -1 Zn(II) solution was performed varying it from 1 to 4 min employing higher preconcentration times.
Influence of ionic strength
The influence of the ionic strength on the retention of Zn(II) by the resin was investigated in terms of the NaCl concentration because water samples can present different salinities depending on their origin. For this purpose, standard solutions of Zn(II) were prepared in a NaCl medium varying from 0.1 and 1.0 mol L -1 . From the obtained results (Table 1) it can be concluded that significant effect was already noted when the ionic strength was higher than 0.5 mol L -1 , being observed decreases in the absorbance of 15.2% at 0.75 mol L -1 and 24.1% at 1 mol L -1 .
Interference study
In spite of the inherent selectivity in FAAS measurements, an interference study was performed, once the presence of other cations could decrease the zinc retention by competition for the chelating groups present in the resin. The effect of several possible interferent cations usually present in natural water was examined for 25 µg L -1 Zn(II) solutions. Cd(II), Cu(II), Co(II), Ni(II), Mn(II), Pb(II) and Fe(III) were tested in concentrations up to 500 µg L 
Features of the proposed system
The flow system was operated while employing two different preconcentration times due to differences in the concentration of zinc in the water samples analyzed. For the determination of zinc in underground and seawater samples, a 2 min preconcentration time (9.9 mL of sample) was used. Under this condition, the system showed linearity for concentrations of Zn(II) between 10 and 100 µg L -1 , which can be represented by the equation:
)] -0.001, r = 0.999. The detection limit, calculated as three times the standard deviation, was 1.1 µg L -1 . Also, the quantification limit, which is regularly defined as the analyte concentration that yields a signal relative to the lower limit of the analytical curve, 31 was calculated as being ten-times the standard deviation, deriving a value of 3.5 µg L -1 . The RSD was calculated by taking ten measurements of a 10 µg L -1 solution, and was always better than 3.5%. The analytical throughput achieved under the optimized experimental conditions was 24 samples per hour. In the analysis of other samples (river water), a longer preconcentration time was used, since Zn(II) was found at lower concentrations. A preconcentration time of 4 min (19.8 mL of sample) was sufficient to reach a measurable analytical signal. Calibration graphs were constructed from 5 to 50 µg L -1 , the characteristic equation being A = 0.0045[Zn(II) (µg L -1 )] + 0.002, r = 0.998. The detection limit, calculated as described above, was 0.98 µg L -1 . The RSD, also assessed by ten measurements of a 5 µg L -1 solution, was 6.5%. In this case, the quantification limit was 3.3 µg L -1 and the analytical throughput was 13 samples per hour. The preconcentration factors were calculated by comparing the calibration graphs constructed with the flow system with that obtained by the direct aspiration of Zn(II) solutions. 32 For a preconcentration time of 2 min, the preconcentration factor was 14, and for 4 min it was 26.
Application of the methodology for the analysis of water samples
In order to check the applicability and the accuracy of the proposed methodology for quantitative determinations of zinc in water, five samples were analyzed, and recovery tests were carried out after spiking samples with 15 to 40 µg L -1 Zn(II). Table 2 gives the results obtained in such analysis. As can be seen, recoveries higher than 90% were always reached for the samples, including seawater ones. a. Sample collected near to the sewage discharge of a domestic waste treatment plant (salinity = 28‰). b. Sample collected near to a shipyard (salinity = 24‰).
Conclusions
The FIA system described in this work provides an automated alternative to the determination of Zn in natural water samples, employing a FIA-SPE technique coupled to flame atomic absorption spectrometry. The obtained results showed that styrene-divinylbenzene resin functionalized with (S)-2-[hydroxy-bis(4-vinylphenyl)methyl]pyrrolidine-1-carboxylic acid ethyl esther was suitable as a solid-phase for the on-line preconcentration of Zn(II) aiming its determination, at µg L -1 level, by flame atomic absorption spectrometry. In relation to the flow system, taking into consideration that a preconcentration step is performed during the measurement cycle, a good sampling frequency could be attained for 2 and 4 min preconcentration times (24 and 13 h -1 , respectively). Detection limits of 1.1 and 0.98 µg L -1 were derived and enrichment factors of 14 and 26 were reached. Also, the developed system showed a remarkable advantage: the possibility to employ higher preconcentration times (up to 4 min) without washing of the minicolumn. This characteristic allows the use of high sample volumes, which can increase the potential sensitivity of the methodology.
The application of the methodology to the analysis of real samples proved its accuracy. Recovery values higher than 90% were always obtained even for saline water samples.
